We have developed an efficient system to detect and analyze DNA mutations induced by heavy-ion beams in Arabiopsis thaliana. In this system, a stable transgenic Arabidopsis line that constitutively expresses a yellow fluorescent protein (YFP) by a single-copy gene at a genomic locus was constructed and irradiated with heavy-ion beams. The YFP gene is a target of mutagenesis, and its loss of function or expression can easily be detected by the disappearance of YFP signals in planta under microscopy. With this system, a 12 C 6þ -induced mutant with single deletion and multiple base changes was isolated.
Heavy-ion beam mutagenesis is generally accepted as an effective method for mutation breeding. 1, 2) Heavy-ion beams have high linear energy transfer (LET), referring to the amount of energy deposited per unit length of the particle's path. Accelerated particles of heavy-ion beams are thought to produce closely positioned DNA damage and double strand breaks (DSBs) upon piercing DNA strands. 3) In plants, most DSBs are repaired by nonhomologous end joining (NHEJ) with various rearrangements. 4, 5) It has been postulated that the length of DNA deletions after NHEJ-mediated repair is dependent on the size of the DSBs and that the size of DSBs can be correlated with the LET of the accelerated ions. 6) While effective conditions of the beam irradiation have been systematized through experiments, information on the molecular structure of the mutated DNAs in plant genomes is still limited.
DNA mutations caused by heavy-ion beams have recently been investigated in the model plant Arabidopsis thaliana. Shikazono et al. 6, 7) isolated 29 gl and tt mutants from a population of carbon ion-irradiated M 2 plants and found that a half of the mutants showed base changes or short deletions consisting of a few nucleotide bases, whereas the other half showed large genomic rearrangements. These data are obviously valuable additions to our knowledge of the fundamental characteristics of ion beam-induced DNA damage. On the other hand, the experiments in such studies take much time in that the target genes responsible for the mark phenotypes are plural and genetic complementation tests are needed to specify the mutant alleles. Hence, development of an experimental system that achieves rapid analysis of DNA mutations should help investigation of the mutation spectra of various heavy-ion beams. Here we report an effective system to characterize ion-induced DNA mutations in plants.
Arabidopsis thaliana (L.) Heynh. ecotype Columbia and its transgenic derivatives were grown according to general methods, as described previously. 8) To perform heavy-ion beam mutagenesis in A. thaliana, we screened a series of transgenic lines that express various kinds of fluorescent proteins, each of which is designed to be targeted to the nucleus-cytoplasm, chloroplasts, or mitochondria (unpublished). The selected line, FY2-9, expressed a YFP variant (EYFP, Clontech Laboratories, Palo Alto, CA) fused with the N-terminal presequence of a mitochondrial HSP60 (60 amino acids) 9) under the Cauliflower mosaic virus 35S (CaMV35S) promoter. This line was generated as follows: A 0.2-kb genomic HSP60 fragment was amplified by PCR with two oligonucleotide primers, mt-SalI 5 0 -CATGTCGACATCGTT-AATCCTCTTCCTTC-3 0 and mt-SmaI 5 0 -GTCCCC-GGGGACCCATGGTGACTTTAAC-3 0 (restriction site italicized). The amplified fragment was digested with SalI and NcoI and ligated to the pMD-TP-GFP vector 9) by simultaneously removing the AtMinD1 transit peptide-GFP with NcoI and NotI and introducing the YFP gene. A 1.7-kb HindIII-EcoRI fragment from the resulting plasmid, comprising the CaMV35S promoter, y To whom correspondence should be addressed. Tel: +81-48-467-8994; Fax: +81-48-462-4674; E-mail: mtf1@mac.com Abbreviations: LET, linear energy transfer; NHEJ, non-homologous end joining; YFP, yellow fluorescent protein; RRC, RIKEN Ring Cyclotron; TIARA, Takasaki Ion Accelerators for Advanced Radiation Application; AVF, Azimuthally Varying Field the HSP60 presequence, YFP, and the NOS terminator, was ligated to the binary vector pSMAB704 (provided by H. Ichikawa) by simultaneously removing the vectorderived CaMV35S promoter and the NOS terminator (see Fig. 1E ). The resulting plasmid was employed in Agrobacterium-mediated A. thaliana transformation. 10) A total of 324 transformants (T 1 ) were selected on bialaphos-containing MS plates, of which 47 plants emitted bright YFP fluorescence from whole seedlings under a fluorescence stereomicroscope (MZ FLIII, Leica, Heidelberg, Germany). FY2-9 was one of the transformants with stable YFP expression from a transgene at a chromosomal locus (see below). The copy number of YFP in FY2-9 was determined by Southern hybridization, as described previously. 7) To determine the flanking region of T-DNA in FY2-9, inverse PCR was performed. Total DNA from FY2-9 was digested with EcoRI, self-ligated, and amplified between two oligonucleotide primers, p157 5 0 -ATCATATAATTT-CTGTTGAA-3 0 and p158 5 0 -CAGTTGAGTTCGATG-AGTTC-3 0 . A successfully amplified fragment was then sequenced. The other flanking region was confirmed by PCR using two primers, p109 5 0 -AAGTTGACCGT-GCTTGTCTC-3 0 and p149 5 0 -TGTATGCTGGATTC-CACTGG-3 0 , and subsequent direct DNA sequencing. The identified structure of T-DNA insertion is illustrated in Fig. 1E . In performing mutagenesis experiments, T 3 seeds of FY2-9 were irradiated with 12 C 6þ , 20 Ne 10þ , 40 Ar 17þ , and 56 Fe 24þ in a dose range of 5 to 200 Gy. These ions were accelerated by RIKEN Ring Cyclotron (RRC) at 135, 135, 95, and 90 MeV/nucleon with LET values at 23, 61, 280, and 640 keV/mm respectively. The M 2 seeds obtained by self-pollination were sown on MS plates. Putative mutants were screened from two-weekold seedlings by fluorescence stereomicroscopy on the basis of a lack of YFP fluorescence from whole seedlings. Selected plants were then subjected to PCR analysis using two oligonucleotide primers, p69 5 0 -GCGCGATAATTTATCCTAGT-3 0 and p130 5 0 -GAC-CAGAGGGCTATTGAGAC-3 0 . At the initial step of this study, we established a plant material suitable for use in heavy-ion beam mutagenesis. We screened a stable transgenic line that harbors a single-copy fluorescent protein gene at a single chromosomal locus. One selected line, designated FY2-9, constitutively expressed a mitochondria-targeted YFP in whole seedlings ( Fig. 1A-C ; not shown for mitochondrial-targeting data). While many transgenic plants showed frequent silencing or instability in terms of YFP fluorescence levels, this line showed stable YFP fluorescence over four plant generations (data not shown). In this line, an active YFP gene was considered to be located at a single chromosomal locus, because three types of T 2 seedlings, one with strong YFP signals, another with relative half-strength of the signal intensity, and the other with no signals, were microscopically distinguished, and the segregation ratios of their progenies were consistent with our predictions (data not shown). To determine the exact YFP copy number in FY2-9, Southern blot analysis was performed. The single DNA restriction pattern obtained confirmed the single-copy YFP gene in FY2-9 (Fig. 1D) . The integration site and the structure of T-DNA in FY2-9 were then determined by PCR-based strategies. A large insert containing two inverted T-DNAs was found at intron 4 of At1g74160, a putative protein-encoding gene (Fig. 1E) . One side of the insert contained a full YFP expression cassette and the T-DNA left border (LB), as in the original transformation vector. But the other side contained the LB, the NOS promoter, and the bar sequences, but not the YFP expression cassette. The two T-DNA regions were separated by a long unknown sequence (> 20 kb), which contained a part of the transformation vector backbone sequence (Fig. 1E , data not shown). It was concluded that FY2-9 contains a single-copy YFP gene at chromosome 1 of Arabidopsis.
Next we mutagenized dry seeds of YFP-homozygous FY2-9 by irradiation of four kinds of nuclides (see Table 1 ). In total, 5,183 seeds (M 1 ) were irradiated, and the M 2 plants were screened for mutants which had no YFP fluorescence (see Fig. 1C, arrows) respectively ( Table 1) . The highest mutation rates were observed at doses of 200 Gy (1.10%), 200 Gy (0.82%), 10 Gy (0.44%), and 50 Gy (0.65%) in the above irradiation treatments respectively. All the putative mutant plants showed normal growth and development, and none of the progeny had YFP fluorescence. To determine whether these plants had damaged DNA on YFP, PCR analysis was performed on total genomic DNA of these plants using two primers, p130 and p69, specific for the CaMV35S promoter and the NOS terminator respectively ( Fig. 2A; see Fig. 1E ). No product was obtained for 12 plants, while a single DNA product (1,620 bp), which contained a full-length YFP cassette, was amplified from the genomes of three plants ( Fig. 2A, data not shown) . In addition, a PCR fragment shorter than the intact sequence was amplified from one mutant (633 bp, in no. 104) that had been irradiated with 12 C 6þ at a dose of 200 Gy. These data suggest highly efficient screening of mutants with DNA damage on YFP.
We focused on mutant no. 104 and investigated the mutated DNA structure. Sequence analysis of the 633-bp PCR product revealed that no. 104 contained a 985-bp deletion, which contained a 3 0 part of the CaMV35S promoter, the presequence region, YFP, and a 5 0 part of the NOS terminator (Fig. 2B) . Additionally, 12 base changes, which included seven clustered substitutions, occurred upstream of the deletion site. Five of these were transitions and seven were transversions. Moreover, there was a 49-bp inserted fragment at the rejoined site, called the filler DNA. 4) This suggests that the NHEJ pathway is involved in the rejoining of deleted DNA. In this case, the NHEJ pathway involved microhomologyindependent repair processes, 5) since no microhomology was found at the rejoined site in our mutant. In previous studies using Arabidopsis, either point-like mutations or rearrangements by carbon-ion mutagenesis have been A, PCR-analysis of mutations at the YFP locus in non-YFP fluorescent M 2 plants. Genomic DNAs of 16 non-fluorescent seedlings were amplified using primers p69 and p130 to detect 1,620 bp of the YFP expression cassette (see Fig. 1E ). An equal amount of PCR products was analysed by electrophoresis. The putative mutant numbers are indicated on the gel image according to the irradiated nuclides: nos. detected. 6) In this regard, carbon-ion irradiation in our experiments induced a complex pattern of mutations, a single large deletion, and many point mutations.
Several mutational systems have been developed for Escherichia coli 11, 12) and Saccharomyces cerevisiae 13, 14) to identify the DNA mutation and repair mechanisms in these organisms. On the other hand, research on ioninduced mutations in plants has been performed using plant systems, because the mutational effects are largely different as between plants and microorganisms, owing to differences in DNA repair systems. 14) In A. thaliana, mutation spectra of EMS, gamma-rays, and neutrons, have been well analysed using gl, hy, and tt mutations. [15] [16] [17] Characterization of their alleles can occasionally be very complicated, because several genes are involved in the phenotypes. Our mutational system, which utilizes an exogenously introduced marker gene driven by a constitutive plant promoter, allows easy selection of mutants. Although an additive presequence fused to YFP is not a theoretical requirement for mutant screening, this sequence does not affect YFP expression or stability, and had small if any effects on the screening procedure. We would rather emphasize the importance of the stability of fluorescent protein gene expression in use of parental lines for mutagenesis, because transgene expression in plants is susceptible to gene silencing. Overcoming this, a mutation analysis system that saves time and experimental procedures was developed.
The full sequence of the T-DNA-containing insertion in FY2-9 remains to be determined. The length of the insert is estimated to be > 20 kb based on our recent experiments (data not shown). Clarification of the complete insert structure should allow analysis of the remaining yfp mutants in future study. The damaged DNA at the YFP locus in no. 104 was composed of a deletion, a filler DNA, and clustered point mutations (Fig. 2B ). This type of mutation has not been reported in previous studies that identified 14 point-like mutations and 15 rearrangements with the gl and tt loci caused by 12 C 6þ irradiation. 6) The reason for the occurrence of complicated DNA damage in our experiment is unclear, but the most likely explanation is that the different irradiation conditions led to different consequences of DNA mutation. Our current experiment performed by RRC and previous studies performed with the AVF cyclotron of TIARA 6) used different irradiation conditions, including velocity of ions, and target genes. This is a matter of interest in that various types of mutations are produced. In turn, the proper use of different irradiation methods should expand the possibilities of mutation breeding.
